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CATHODE MATERIAL AND BATTERY
USING SAME

CROSS REFERENCE

This application is a Divisional Application of U.S. appli-
cation Ser. No. 16/930,405, filed on Jul. 16, 2020, now U.S.
Pat. No. 11,682,764, which is a Continuation of Interna-
tional Application No. PCT/JP2018/045584, dated Dec. 12,
2018, which claims the benefit of Japanese Application No.
2018-011525, filed Jan. 26, 2018, respectively, the entire
contents of each are hereby incorporated by reference.

1. TECHNICAL FIELD

The present disclosure relates to a cathode material and a
battery using the same.

2. DESCRIPTION OF THE RELATED ART

Patent Literature 1 discloses a battery using, as a solid
electrolyte, a halide including indium.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Publication
No. 2006-244734

SUMMARY

In the prior art, further improvement in a charge/discharge

efficiency of a battery is desired.

The cathode material according to one aspect of the

present disclosure comprises:

a cathode active material and a first solid electrolyte
material,

wherein

the first solid electrolyte material includes Li, M, and X,
and does not include sulfur;

M represents at least one selected from the group con-
sisting of metalloid elements and metal elements other
than Li;

X represents at least one selected from the group consist-
ing of Cl and Br, and I; and

the cathode active material includes lithium iron phos-
phate.

According to the present disclosure, the charge/discharge

efficiency of the battery can be improved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a cross-sectional view of a cathode material
1000 in a first embodiment.

FIG. 2 shows a cross-sectional view of a battery 2000 in
a second embodiment.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Hereinafter, embodiments of the present disclosure will
be described with reference to the drawings.

First Embodiment

The cathode material in the first embodiment includes a
cathode active material and a first solid electrolyte material.
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2

The first solid electrolyte material is a material repre-
sented by the following composition formula (1).

Li,MgX, Formula (1)
where
a, P, and y are each independently a value greater than
Zero.

M includes at least one selected from the group consisting
of metalloid elements and metal elements other than Li.

X includes at least one of Cl and Br, and 1.

The cathode active material includes lithium iron phos-
phate. For example, the cathode active material includes
LiFePO,.

According to the above configuration, a charge/discharge
efficiency of a battery can be improved.

The halide solid electrolyte material exhibits good ionic
conductivity. In particular, the first solid electrolyte material,
which is a halide solid electrolyte material including I,
exhibits higher ionic conductivity. As a result, for example,
the first solid electrolyte material would be a prospective
material which allows an all-solid secondary battery to
operate at high output.

According to Patent Literature 1, in an all-solid secondary
battery including a solid electrolyte including indium, it is
preferable that an electric potential of the cathode active
material with respect to [i is 3.9 V or less on average,
thereby a film formed of a decomposition product due to
oxidative decomposition is well formed and a good charge/
discharge characteristic is provided. In addition, Patent
Literature 1 discloses general layered transition metal oxide
cathodes such as LiCoO, and LiNi, ¢Co, ;sAl; 45O, as cath-
ode active materials having the electric potential thereof
with respect to Li of 3.9 V or less on average. However,
Patent Literature 1 fails to disclose detailed mechanism of
the oxidative decomposition.

On the other hand, the present inventors found following
matters. In a battery using a halide solid electrolyte (namely,
the first solid electrolyte material) including I in a cathode
material, even if the cathode active materials having the
electric potential thereof with respect to Li of 3.9 V or less
on average is used, the halide solid electrolyte undergoes
oxidative decomposition during charging. The oxidative
decomposition causes a problem of lowering the charge/
discharge efficiency of the battery. The main reason therefor
is an oxidation reaction of I included in the halide solid
electrolyte.

Specifically, it is conceived that, in addition to a normal
charging reaction in which lithium and electrons are
extracted from the cathode active material in the cathode
material, a side reaction in which electrons are extracted
from the halide solid electrolyte in contact with the cathode
active material occurs. It is conceived that, as a result,
charges are consumed for the side reaction to lower the
charge/discharge efficiency.

In addition, it is conceived that an oxide layer having poor
lithium ion conductivity is formed between the cathode
active material and the halide solid electrolyte due to the
oxidation reaction of the halide solid electrolyte, and that the
oxide layer functions as a large interface resistance in the
electrode reaction of the cathode.

Therefore, in order to operate the all-solid secondary
battery including the halide solid electrolyte at a high output,
it is necessary that a halide solid electrolyte including I
having high ionic conductivity is introduced into the cathode
material, and that the oxidation reaction of 1 is suppressed.
In order to solve this problem, it is necessary to use a
cathode active material capable of providing a good charge/
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discharge characteristic in a low potential region where the
oxidation reaction of the halide solid electrolyte does not
occur.
In the configuration of the present disclosure, a lithium
iron phosphate of the cathode active material that provides
a good charge/discharge characteristic in a low potential
region is introduced into the cathode material, thereby
suppressing the oxidation reaction of I included in the halide
solid electrolyte. As a result, the side reaction of the halide
solid electrolyte does not occur, and the charge/discharge
efficiency can be improved. In addition, since no side
reaction occurs, the formation of the oxide layer is sup-
pressed, and the interfacial resistance of the electrode reac-
tion can be reduced.
The term “metalloid elements” used in the present speci-
fication are B, Si, Ge, As, Sb, and Te.
The term “metal elements” used in the present specifica-
tion includes
(1) all elements included in Group 1 to Group 12 of the
Periodic Table (except for hydrogen), and

(ii) all elements included in Group 13 to Group 16 of the
Periodic Table (except for B, Si, Ge, As, Sb, Te, C, N,
P, O, S, and Se).

In other words, each of the metal elements become a
cation, if the metal elements form an inorganic compound
with a halogen compound.

In the composition formula (1), M may include Y
(namely, yttrium).

In other words, the first solid electrolyte material may
include Y as the metal element M.

According to the above configuration, the ionic conduc-
tivity of the first solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The first solid electrolyte material including Y may be, for
example, a compound represented by a composition formula
Li,Me,Y X, (a+mb+3c=6 and c>0 are satisfied) (Me: at
least one of metalloid elements and metal elements other
than Li and Y) (m: valence of Me).

As Me, at least one selected from the group consisting of
Mg, Ca, Sr, Ba, Zn, Sc, Al, Ga, Bi, Zr, Hf, Ti, Sn, Ta, and
Nb may be used.

According to the above configuration, the ionic conduc-
tivity of the first solid electrolyte material can be further

improved.

The first solid electrolyte material may be Li; YBrCL,I or
Li,YBr,CLL,.

According to the above configuration, the ionic conduc-
tivity of the first solid electrolyte material can be further
improved.

The first solid electrolyte material may include
Li, YBr,CL1L,.

Li;YBr,CL1I, has particularly high ionic conductivity
among halide solid electrolytes including I, and can improve
the output density of the battery.

The first solid electrolyte material may be a material
represented by the following composition formula (B1).

Lis_35YXe Formula (B1)

where, in the composition formula (B1), X includes at
least one of Cl and Br, and 1.
In the composition formula (B1), 0<d<2 is satisfied.
According to the above configuration, the ionic conduc-
tivity of the first solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.
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4

The first solid electrolyte material may be a material
represented by the following composition formula (B2).

LizYX¢ Formula (B2)

where, in the composition formula (B2), X includes at
least one of Cl and Br, and 1. In other words, in the
formula (B1), d=1 may be satisfied.

According to the above configuration, the ionic conduc-
tivity of the first solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The first solid electrolyte material may be a material

represented by the following composition formula (B3).
Liz_3p4aY 1+6-aMe,Cle_,_, Br,L, Formula (B3)

where, in the composition formula (B3), Me is at least one
selected from the group consisting of Mg, Ca, Sr, Ba,
and Zn.

In addition, in the composition formula (B3),

-1<6<2;
0<a<3;
0<(3-30+a);
0<(1+d-a);
O=x=6;
0<y=6; and

(x+y)<6 are satisfied.

According to the above configuration, the ionic conduc-
tivity of the first solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The first solid electrolyte material may be a material
represented by the following composition formula (B4).

Liz_35Y 145-.Me,Cls_,_ Br,1, Formula (B4)

where, in the composition formula (B4), Me is at least one
selected from the group consisting of Al, Sc, Ga, and
Bi.

In the composition formula (B4),

-1<6<1;
0<a<2;
0<(1+d-a);
0=x<6;
0<y=6; and

(x+y)<6 are satisfied.

According to the above configuration, the ionic conduc-
tivity of the first solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The first solid electrolyte material may be a material

represented by the following composition formula (BS).
Liz_35-0Y 1+6-aMe,Clg_,_,Br,L, Formula (B5)

where, in the composition formula (B5), Me is at least one
selected from the group consisting of Zr, Hf, and Ti.
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In the composition formula (B5),

-1<6<1;
0<a<l.5;
0<(3-30-a);
0<(1+d-a);
0=x<6;
0<y=6; and

(x+y)<6 are satisfied.

According to the above configuration, the ionic conduc-
tivity of the first solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The first solid electrolyte material may be a material
represented by the following composition formula (B6).

Liz_35-24Y 14+0-aM€,Cls_,,Br,L, Formula (B6)

where, in the composition formula (B6), Me is at least one
selected from the group consisting of Ta and Nb.
In the composition formula (B6),

-1<6<1;
0<a<1.2;
0<(3-38-2a);
0<(1+d-a);
0=x<6;
0<y=6; and

(x+y)<6 are satisfied.

According to the above configuration, the ionic conduc-
tivity of the first solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

As the first solid electrolyte material, for example,
Li; YX,, Li,MgX,, Li,FeX,, Li (Al, Ga, In)X,, or Li;(Al,
Ga, In)X, (X includes at least one of Cl and Br, and I) can
be used.

FIG. 1 shows a cross-sectional view of a cathode material
1000 in the first embodiment.

The cathode material 1000 in the first embodiment
includes first solid electrolyte particles 100 and cathode
active material particles 110.

The shape of each of the first solid electrolyte particles
100 in the first embodiment is not limited, and may be, for
example, a needle shape, a spherical shape, or an elliptical
spherical shape.

For example, when the shape of the first solid electrolyte
particles 100 in the first embodiment is spherical, the median
diameter of the first solid electrolyte particles 100 may be
not more than 100 pm.

If the median diameter is larger than 100 um, there is a
possibility that a good dispersion state of the cathode active
material particles 110 and the first solid electrolyte particles
100 cannot be formed in the cathode material. As a result,
the charge/discharge characteristic is lowered.

In addition, in the first embodiment, the median diameter
may be not more than 10 um.
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According to the above configuration, the cathode active
material particles 110 and the first solid electrolyte particles
100 can be well dispersed in the cathode material.

In addition, in the first embodiment, the median diameter
of'the first solid electrolyte particles 100 may be smaller than
the median diameter of the cathode active material particles
110.

According to the above configuration, the first solid
electrolyte particles 100 and the cathode active material
particles 110 can be dispersed better in the electrode.

The median diameter of the cathode active material
particles 110 may be not less than 0.1 pm and not more than
100 pm.

If the median diameter of the cathode active material
particles 110 is smaller than 0.1 pm, the cathode active
material particles 110 and the first solid electrolyte particles
100 are not well dispersed in the cathode material. As a
result, the charge/discharge characteristic of the battery can
be lowered.

In addition, if the median diameter of the cathode active
material particles 110 is larger than 100 pm, the diffusion of
lithium in the cathode active material particles 110 is made
slow. As a result, the battery may be difficult to operate at a
high output.

The median diameter of the cathode active material
particles 110 may be larger than the median diameter of the
first solid electrolyte particles 100. Thereby, the cathode
active material particles 110 and the first solid electrolyte
particles 100 can be well dispersed.

In the cathode material 1000 according to the first
embodiment, the first solid electrolyte particles 100 and the
cathode active material particles 110 may be in contact with
each other, as shown in FIG. 1.

In addition, the cathode material 1000 in the first embodi-
ment may include a plurality of the first solid electrolyte
particles 100 and a plurality of the cathode active material
particles 110.

Further, in the cathode material 1000 in the first embodi-
ment, the content of the first solid electrolyte particles 100
may be the same as or different from the content of the
cathode active material particles 110.

In the first embodiment, a surface of each of the cathode
active material particles 110 may be coated with a carbon
material. By coating the surface of the lithium iron phos-
phate with the carbon material, the cathode material can be
provided with good electronic conductivity, and the battery
can be operated at a higher output.

(Manufacturing Method of First Solid Electrolyte Material)

The first solid electrolyte material in the first embodiment
may be manufactured by the following method, for example.

In consideration of the composition ratio of the product,
binary halide raw material powders are prepared. For
example, if Li; YCl; is produced, LiCl and YCI, are prepared
at a molar ratio of 3:1.

At this time, by selecting the kinds of raw material
powders, the elements “M”, “Me”, and “X” in the above-
described composition formula can be determined. In addi-
tion, by adjusting the raw material powders, the blending
ratio, and the synthesis process, the values of “a”, “p”, “y”,
“d”, “§”, “a”, “x”, and “y” are determined.

Raw material powders are mixed well. Next, the raw
material powders are ground using a mechanochemical
milling method. In this way, the raw material powders react
to provide the first solid electrolyte material. Alternatively,
the raw material powders are mixed well, and then, sintered
in vacuum to provide the first solid electrolyte material.
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Thereby, the above-mentioned solid electrolyte material
including a crystal phase is provided.

The configuration of the crystal phase (namely, the crystal
structure) in a solid electrolyte material can be determined
by selecting the reaction method and reaction conditions of
the raw material powders.

Second Embodiment

Hereinafter, the second embodiment will be described.
The description which has been set forth in the above-
described first embodiment is omitted as appropriate.

FIG. 2 is a cross-sectional view showing a schematic
configuration of a battery 2000 in the second embodiment.

The battery 2000 in the second embodiment comprises a
cathode 201, an electrolyte layer 202, and an anode 203.

The cathode 201 includes the cathode material (for
example, the cathode material 1000) in the first embodiment.

The electrolyte layer 202 is disposed between the cathode
201 and the anode 203.

According to the above configuration, the charge/dis-
charge efficiency of a battery can be improved.

In the cathode 201, a volume ratio Vp representing a
volume of the cathode active material particles 110 to the
total volume of the cathode active material particles 110 and
the first solid electrolyte particles 110 may be not less than
0.3 and not more than 0.95. If the volume ratio Vp is less
than 0.3, it may be difficult to ensure the energy density of
the battery sufficiently. On the other hand, if the volume ratio
Vp is more than 0.95, it may be difficult to operate the
battery at a high output.

The thickness of the cathode 201 may be not less than 10
um and not more than 500 pm. If the thickness of the cathode
201 is less than 10 pm, it may be difficult to ensure the
battery energy density sufficiently. If the thickness of the
cathode 201 is more than 500 um, it may be difficult to
operate at a high output.

The electrolyte layer 202 is a layer including an electro-
lyte material. The electrolyte material is, for example, a solid
electrolyte material. In other words, the electrolyte layer 202
may be a solid electrolyte layer.

As the solid electrolyte material included in the electro-
lyte layer 202, the first solid electrolyte material described
above may be used.

Alternatively, a second solid electrolyte material may be
used as the solid electrolyte material included in the elec-
trolyte layer 202.

In other words, the electrolyte layer 202 may include the
second solid electrolyte material.

The second solid electrolyte material is a material repre-
sented by the following composition formula (2).

Li,M's’X’,, Formula (2)
where o, f', and y' are each independently a value greater
than 0.
M includes at least one selected from the group consisting
of metalloid elements and metal elements other than Li.

X' includes at least one of Cl and Br.

According to the above configuration, the output density
of the battery can be improved. In addition, thermal stability
of the battery can be improved and generation of harmful
gases such as hydrogen sulfide can be suppressed.

In the composition formula (2), M' may include Y
(namely, yttrium).

In other words, the second solid electrolyte material may
include Y as the metal element M'.
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According to the above configuration, the ionic conduc-
tivity of the second solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The second solid electrolyte material including Y may be,
for example, a compound represented by a composition
formula Li,Me',Y X's (a+mb+3c=6 and c>0 are satisfied)
(Me'": at least one of metalloid elements and metal elements
other than Li and Y) (m: valence of Me').

As Me', at least one selected from the group consisting of
Mg, Ca, Sr, Ba, Zn, Sc, Al, Ga, Bi, Zr, Hf, Ti, Sn, Ta, and
Nb may be used.

According to the above configuration, the ionic conduc-
tivity of the second solid electrolyte material can be further
improved.

The second solid electrolyte material may be Li, Y, ,Cl..

According to the above configuration, the output density
of the battery can be further improved.

The second solid electrolyte material may be a material
represented by the following composition formula (Al).

Lis_37Y¥4X6 Formula (Al)

where, in the composition formula (A1), X is at least one
selected from the group consisting of Cl and Br. In
addition, in the composition formula (Al), 0<d<2 is
satisfied.

According to the above configuration, the ionic conduc-
tivity of the second solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The second solid electrolyte material may be a material
represented by the following composition formula (A2).

LizYX¢ Formula (A2)

where, in the composition formula (A2), X is at least one
selected from the group consisting of Cl and Br.

According to the above configuration, the ionic conduc-
tivity of the second solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The second solid electrolyte material may be a material
represented by the following composition formula (A3).

Li3 5Y1,5Cls Formula (A3)

where, in the composition formula (A3), 0<0<0.15 is

satisfied.

According to the above configuration, the ionic conduc-
tivity of the second solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The second solid electrolyte material may be a material
represented by the following composition formula (A4).

Li3 Y 1.6Brs Formula (A4)

where, in the composition formula (A4), 0<0<0.25 is

satisfied.

According to the above configuration, the ionic conduc-
tivity of the second solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The second solid electrolyte material may be a material
represented by the following composition formula (AS).

Liy 35, Y 105-oMe,Clg Br, Formula (A5)

where, in the composition formula (AS), Me is at least one
selected from the group consisting of Mg, Ca, Sr, Ba,
and Zn.
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In the composition formula (AS),
-1<0<1;
0<@<2;
0<(3-30+a);

0<(1+d~-a); and

O=x=6 are satisfled

According to the above configuration, the ionic conduc-
tivity of the second solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The second solid electrolyte material may be a material

represented by the following composition formula (A6).
Liz_35Y145-.Me,Clg_,Br, Formula (A6)

where, in the composition formula (A6), Me is at least one
selected from the group consisting of Al, Sc, Ga, and
Bi.

In addition, in the composition formula (A6),

-1<6<1;
0<@<2;
0<(1+d~-a); and

O=x=6 are satisfled

According to the above configuration, the ionic conduc-
tivity of the second solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The second solid electrolyte material may be a material

represented by the following composition formula (A7).
Liz_35-aY 1+ox_oMe,Clg_Br, Formula (A7)

where, in the composition formula (A7), Me is at least one
selected from the group consisting of Zr, Hf, and Ti.
In the composition formula (A7),

-1<6<1;
0<a<l.5;
0<(3-30-a);
0<(1+d~-a); and

O=x=6 are satisfled

According to the above configuration, the ionic conduc-
tivity of the second solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

The second solid electrolyte material may be a material

represented by the following composition formula (AS8).
Liz_35-24Y 145-aMe,Clg_Br, Formula (A%)

where, in the composition formula (A8), Me is at least one
selected from the group consisting of Ta and Nb.
In the composition formula (AS8),

-1<6<1;
0<a<1.2;
0<(3-30-a);
0<(1+d~-a); and

O=x=6 are satisfled
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According to the above configuration, the ionic conduc-
tivity of the second solid electrolyte material can be further
improved. Thereby, the charge/discharge efficiency of the
battery can be further improved.

As the second solid electrolyte material, for example,
Li; YX, Li,MgX,, Li,FeX,, Li(Al, Ga, In)X,, or Li;(Al,
Ga, In)X (X is at least one selected from the group con-
sisting of Cl and Br) can be used.

A sulfide solid electrolyte may be used as the solid
electrolyte material included in the electrolyte layer 202.

In other words, the electrolyte layer 202 may include a
sulfide solid electrolyte.

According to the above configuration, since the sulfide
solid electrolyte excellent in reduction stability is included,
a low-potential anode material such as graphite or metallic
lithium can be used to improve the energy density of the
battery.

As the sulfide solid electrolyte, Li,S—P,S,, Li,S—SiS,,
Li,S—B,S,;, Li,S—GeS,, Liy,sGeq,sPy sS4,  or
Li, ,GeP,S,, can be used. In addition, LiX (X: F, Cl, Br, I),
Li,0, MO,, or Li,MO, (M: any of P, Si, Ge, B, Al, Ga, In,
Fe, Zn) (p, q: natural number) may be added thereto.

As the solid electrolyte material included in the electro-
lyte layer 202, an oxide solid electrolyte, a polymer solid
electrolyte, or a complex hydride solid electrolyte may be
used.

Examples of the Oxide Solid Electrolyte Include

a NASICON solid electrolyte such as LiTi,(PO,); and its
element substitution products;

a perovskite solid electrolyte such as (Lali)TiOs;

a LISICON solid electrolyte such as Li,,ZnGe,O,q,
Li,Si0,, or LiGeO, and its element substitution prod-
ucts;

a garnet solid electrolyte such as Li,La;Zr,0,, and its
element substitution products;

Li;N and its H substitution products;

Li;PO, and its N substitution products;

glass to which Li,SO, or Li,CO; has been added using a
Li—B—C compound such as LiBO, or Li;BO; as the
base thereof; and

glass ceramics.

As the polymer solid electrolyte, for example, a com-
pound of a polymer compound and a lithium salt can be
used. The polymer compound may have an ethylene oxide
structure. Since the solid polymer electrolyte having an
ethylene oxide structure can include a large amount of
lithium salt, the ionic conductivity can be further increased.
As the lithium salt, LiPF,, LiBF,, LiSbF,, LiAsF,,
LiSO,CF;, LiN(SO,CF,),, LiN(SO,C,F5),, LIN(SO,CF;)
(SO,C,F,), or LiC(SO,CF;), can be used. As the lithium
salt, one lithium salt selected from these may be used alone.
Alternatively, a mixture of two or more lithium salts selected
from these may be used as the lithium salt.

As the complex hydride solid electrolyte, for example,
LiBH,—Lil or LiBH,—P,S; can be used.

The electrolyte layer 202 may include a solid electrolyte
material as a main component. In other words, the electro-
lyte layer 202 may include a solid electrolyte material, for
example, at a weight ratio of not less than 50% (not less than
50% by weight) with respect to the entire electrolyte layer
202.

According to the above configuration, the charge/dis-
charge characteristic of the battery can be further improved.



US 12,206,111 B2

11

Further, the electrolyte layer 202 may include a solid
electrolyte material, for example, at a weight ratio of not less
than 70% (not less than 70% by weight) with respect to the
entire electrolyte layer 202.

According to the above configuration, the charge/dis-
charge characteristic of the battery can be further improved.

The electrolyte layer 202 may further include inevitable
impurities. The electrolyte layer 202 may include the start-
ing materials used for the synthesis of the solid electrolyte
material. The electrolyte layer 202 may include by-products
or decomposition products generated during the synthesis of
the solid electrolyte material.

The weight ratio of the solid electrolyte material included
in the first electrolyte layer 101 to the first electrolyte layer
101 may be substantially 1. “The weight ratio is substan-
tially 1” means that the weight ratio calculated without
considering inevitable impurities that may be included in the
first electrolyte layer 101 is 1. In other words, the first
electrolyte layer 101 may be composed only of the solid
electrolyte material.

According to the above configuration, the charge/dis-
charge characteristic of the battery can be further improved.

As described above, the electrolyte layer 202 may be
composed only of the solid electrolyte material.

The electrolyte layer 202 may include two or more kinds
of the materials described as the solid electrolyte material.
For example, the electrolyte layer 202 may include the
halide solid electrolyte material and the sulfide solid elec-
trolyte material.

The thickness of the electrolyte layer 202 may be not less
than 1 pm and not more than 300 pm. If the thickness of the
electrolyte layer 202 is less than 1 um, a possibility that the
cathode 201 and the anode 203 are short-circuited increases.
In addition, if the thickness of the electrolyte layer 202 is
more than 300 um, it may be difficult to operate at a high
output.

The anode 203 includes a material having a property of
occluding and releasing metal ions (for example, lithium
ions). The anode 203 includes, for example, an anode active
material.

A metal material, a carbon material, an oxide, a nitride, a
tin compound, or a silicon compound can be used as the
anode active material. The metal material may be a single
metal. Alternatively, the metal material may be an alloy.
Examples of the metal material include lithium metal and
lithium alloy. Examples of the carbon material include
natural graphite, coke, graphitized carbon, carbon fiber,
spherical carbon, artificial graphite, and amorphous carbon.
From the viewpoint of capacity density, silicon (Si), tin (Sn),
a silicon compound, or a tin compound can be preferably
used.

The anode 203 may include a solid electrolyte material.
According to the above configuration, the lithium ion con-
ductivity inside the anode 203 is increased to allow opera-
tion at a high output. As the solid electrolyte material,
materials exemplified as the electrolyte layer 202 may be
used.

The median diameter of the anode active material par-
ticles may be not less than 0.1 pm and not more than 100 um.
If the median diameter of the anode active material particles
is smaller than 0.1 um, the anode active material particles
and the solid electrolyte material are not well dispersed in
the anode, so that the charge/discharge characteristic of the
battery may be lowered. On the other hand, if the median
diameter of the anode active material particles is larger than
100 um, the diffusion of lithium in the anode active material
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particles is made slow. As a result, the battery may be
difficult to operate at a high output.

The median diameter of the anode active material par-
ticles may be larger than the median diameter of the solid
electrolyte material. Thereby, the anode active material
particles and the solid electrolyte material can be well
dispersed.

In the anode 203, a volume ratio Vn representing a
volume of the anode active material particles to the total
volume of the anode active material particles and the solid
electrolyte material may be not less than 0.3 and not more
than 0.95. If the volume ratio Vn is less than 0.3, it may be
difficult to ensure an energy density of the battery suffi-
ciently. On the other hand, if the volume ratio Vn exceeds
0.95, the battery may be difficult to operate at a high output.

The thickness of the anode 203 may be not less than 10
um and not more than 500 um. If the thickness of the anode
is less than 10 pum, it may be difficult to ensure an energy
density of the battery sufficiently. In addition, if the thick-
ness of the anode is more than 500 pum, it may be difficult to
operate at high output.

The cathode 201 may include a solid electrolyte material
for the purpose of improving the ionic conductivity. As the
solid electrolyte material, materials exemplified as the elec-
trolyte layer 202 may be used.

At least one of the cathode 201, the electrolyte layer 202,
and the anode 203 may include a binder for the purpose of
improving adhesion between the particles. The binder is
used in order to improve the binding property of the material
which forms the electrode.

An example of the binder is polyvinylidene fluoride,
polytetrafluoroethylene,  polyethylene, polypropylene,
aramid resin, polyamide, polyimide, polyamideimide, poly-
acrylonitrile, polyacrylic acid, methyl polyacrylate ester,
ethyl polyacrylate ester, hexyl polyacrylate ester, polymeth-
acrylic acid, methyl polymethacrylate ester, ethyl polymeth-
acrylate ester, hexyl polymethacrylate ester, polyvinyl
acetate, polyvinylpyrrolidone, polyether, polyethersulfone,
hexafluoropolypropylene, styrene butadiene rubber, or car-
boxymethylcellulose.

As the binder, a copolymer of two or more kinds of
materials selected from the group consisting of tetratluoro-
ethylene, hexafluoroethylene, hexafluoropropylene, perfluo-
roalkyl vinyl ether, vinylidene fluoride, chlorotrifluoroeth-
ylene, ethylene, propylene, pentafluoropropylene,
fluoromethyl vinyl ether, acrylic acid, and hexadiene can be
used.

Two or more kinds of the binders can be used.

At least one of the cathode 201 and the anode 203 may
include a conductive assistant for the purpose of increasing
the electronic conductivity. Examples of the conductive
assistant include:

graphite such as natural graphite or artificial graphite;

carbon black such as acetylene black or ketjen black;

a conductive fiber such as a carbon fiber or a metal fiber;

carbon fluoride;

metal powder such as aluminum;

conductive whiskers such as zinc oxide or potassium

titanate;

a conductive metal oxide such as titanium oxide; and

a conductive polymer compound such as polyaniline,

polypyrrole, or polythiophene.

Cost reduction can be achieved by using carbon conduc-
tive assistant.

The battery in the second embodiment can be configured
as a battery having various shapes such as a coin shape, a
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cylindrical shape, a prism shape, a sheet shape, a button
shape, a flat shape, or a stacked shape.

EXAMPLES

Hereinafter, details of the present disclosure will be
described with reference to inventive examples and com-
parative example.

Inventive Example 1

[Production of First Solid Electrolyte Material]

In an argon glove box with a dew point of —60° C. or less,
raw material powders LiCl, YCl;, YBr;, and Lil were
prepared at a molar ratio of LiCl:YCl;:YBr,: Lil=6:2:1:3.
Subsequently, milling processing was performed at 600 rpm
for 25 hours using a planetary ball mill (manufactured by
Fritsch, type P-7) to provide a powder of the first solid
electrolyte material Li;YBrCl,IL
[Production of Cathode Material]

In the argon glove box, the first solid electrolyte material
of the inventive example 1 and the cathode active material
LiFePO, were prepared at a weight ratio of 80:20. The
cathode material of the inventive example 1 was produced
by mixing these in an agate mortar.

Inventive Example 2

[Production of First Solid Electrolyte Material]

In an argon glove box with a dew point of —60° C. or less,
raw material powders LiBr, LiCl, Lil, YCl;, and YBr; were
prepared at a molar ratio of LiBr:LiCL:Lil: YCl;:YBr;=1:1:
4:1:1. Subsequently, milling processing was performed at
600 rpm for 25 hours using a planetary ball mill (manufac-
tured by Fritsch, P-7 type) to provide a powder of the first
solid electrolyte material Li,YBr,CL,1,.

Except for the matters set forth in the section of the
production of the first solid electrolyte material, a method
similar to that of the inventive example 1 was performed to
provide a cathode material of the inventive example 2.

Inventive Example 3

A method similar to that of the inventive example 2 was
performed to provide a cathode material of the inventive
example 3.

Inventive Example 4

A method similar to that of the inventive example 2 was
performed to provide a cathode material of the inventive
example 4.

Comparative Example 1

Li(NiCoMn)O, was used as a cathode active material.

Except for this matter, a method similar to that of the
inventive example 2 was performed to provide a cathode
material of the comparative example 1.

[Production of Second Solid Electrolyte Material]

In an argon glove box with a dew point of —60° C. or less,
raw material powders LiCl and YCl; were prepared at a
molar ratio of LiCl:YCl;=2.7:1.1. Subsequently, milling
processing was performed at 600 rpm for 25 hours using a
planetary ball mill (manufactured by Fritsch, type P-5) to
provide a powder of the second solid electrolyte material
Li,,Y, Cl.

10

15

20

25

30

35

40

45

50

55

60

65

14

[Production of Sulfide Solid Electrolyte Material]

In an argon glove box having an Ar atmosphere with a
dew point of -60° C. or less, Li,S and P,S5 were prepared
at a molar ratio of Li,S:P,S,=75:25. These were ground and
mixed in a mortar. Subsequently, a glassy solid electrolyte
was provided by milling processing at 510 rpm for 10 hours
using the planetary ball mill (manufactured by Fritsch, P-7
type). The glassy solid electrolyte was heat-treated at 270°
C. for 2 hours in an inert atmosphere. Thus, a glass ceramic
solid electrolyte Li,S—P,S5 was provided.

[First Production of Secondary Battery]

The batteries of the inventive example 1, the inventive
example 2, and the comparative example 1 were produced
using the cathode materials of the inventive examples 1 and
2 and the comparative example 1, respectively, with the
glass ceramic solid electrolyte Li,S—P,S;, by the following
method.

First, a glass ceramic solid electrolyte Li,S—P,Ss (80
mg) and the cathode material (10 mg) were stacked in this
order in an insulating outer cylinder. This was pressure-
molded at a pressure of 360 MPa to provide a stacking
structure having a solid electrolyte layer and a cathode. The
cathode was located on a front surface of the solid electro-
lyte layer.

Next, aluminum powder (20 mg) was stacked on the front
surface of the cathode. This was pressure-molded at a
pressure of 360 MPa to provide the cathode with a current
collector.

Next, a metal In (thickness: 200 um) was stacked on a
back surface of the solid electrolyte layer. This was pressure-
molded at a pressure of 80 MPa to produce a stacking
structure having the cathode, the solid electrolyte layer, and
an anode.

Next, stainless steel current collectors were disposed on
the upper and lower parts of the stacking structure, and
current collector leads were attached to the current collec-
tors.

Finally, an insulating ferrule was used to block and seal
the inside of the insulating outer cylinder from the outside
atmosphere. In this way, a battery was produced.

Thus, the batteries of the inventive example 1, the inven-
tive example 2, and the comparative example 1 were pro-
duced.

[Second Production of Secondary Battery]

Using the cathode material of the inventive example 3 and
the halide solid electrolyte Li;YBr,CL,1,, a battery of the
inventive example 3 was produced by the following method.

First, a halide solid electrolyte Li, YBr,CL1, (80 mg) and
the cathode material of the inventive example 3 (10 mg)
were stacked in this order in an insulating outer cylinder.
This was pressure-molded at a pressure of 360 MPa to
provide a stacking structure having a cathode and a solid
electrolyte layer. The cathode was located on the front
surface of the solid electrolyte layer.

Next, aluminum powder (20 mg) was stacked on the front
surface of the cathode. This was pressure-molded at a
pressure of 360 MPa to provide the cathode with a current
collector.

Next, a metal In (thickness: 200 um) was stacked on a
back surface of the solid electrolyte layer. This was pressure-
molded at a pressure of 80 MPa to produce a stacking
structure composed of the cathode, the solid electrolyte
layer, and an anode.

Next, stainless steel current collectors were disposed on
the upper and lower parts of the stacking structure, and
current collector leads were attached to the current collec-
tors.
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Finally, an insulating ferrule was used to block and seal
the inside of the insulating outer cylinder from the outside
atmosphere. In this way, a battery was produced.

Thus, the battery of the inventive example 3 was pro-
duced.

[Third Production of Secondary Battery|

Using the cathode material of the inventive example 4 and
the halide solid electrolyte Li, Y, ,Cl,, a battery of the
inventive example 4 was produced by the following method.

First, a halide solid electrolyte Li, Y, ;Cls (80 mg) and
the cathode material (10 mg) of the inventive example 4
were stacked in this order in an insulating outer cylinder.
This was pressure-molded at a pressure of 360 MPa to
provide a stacking structure having a cathode and a solid
electrolyte layer. The cathode was located on the front
surface of the solid electrolyte layer.

Next, aluminum powder (20 mg) was stacked on the front
surface of the cathode. This was pressure-molded at a
pressure of 360 MPa to provide the cathode with a current
collector.

Next, a metal In (thickness: 200 um) was stacked on the
back side of the solid electrolyte layer. This was pressure-
molded at a pressure of 80 MPa to produce a stacking
structure composed of the cathode, the solid electrolyte
layer, and an anode.

Next, stainless steel current collectors were disposed on
the upper and lower parts of the stacking structure, and
current collector leads were attached to the current collec-
tors.

Finally, an insulating ferrule was used to block and seal
the inside of the insulating outer cylinder from the outside
atmosphere. In this way, a battery was produced.

Thus, the battery of the inventive example 4 was pro-
duced.

[Charge/Discharge Test 1]

The following charge/discharge tests were performed
using the batteries of the inventive examples 1 to 3.

Each of the batteries were placed in a thermostatic cham-
ber at 25° C.

Each of the batteries was charged with a constant current
at a current value of 16 pA, which was 0.05° C. rate (20 hour
rate) with respect to the theoretical capacity of each of the
batteries, and the charge was terminated at a voltage of 3.0
V.

Next, each of the batteries was discharged at a current
value of 16 pA, which was 0.05° C. rate, and the discharge
was terminated at a voltage of 1.9 V.

Thus, the initial charge/discharge efficiency (=initial dis-
charge capacity/initial charge capacity) of each of the bat-
teries of the inventive examples 1 to 3 was provided. The
results are shown in Table 1 below. The metal In, which was
used for the anodes of the batteries of the inventive examples
1 to 3, exhibits a potential of 0.6 volts with respect to
lithium.

In other words, the end-of-charge voltage of 3.0 V and the
end-of-discharge voltage of 1.9 V in the batteries of the
inventive examples 1 to 3 are converted into electric poten-
tials based on Li of 3.6 V vs. Li and 2.5 V wvs. Li,
respectively.

[Charge/Discharge Test 2]

Using the battery of the inventive example 4, a charge/
discharge test was performed under the following condi-
tions.

The battery was placed in a thermostatic chamber at 25°
C.

The battery was charged with a constant current at a
current value of 16 pA, which was 0.05 C rate (20 hour rate)
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with respect to the theoretical capacity of the battery, and the
charge was terminated at a voltage of 3.4 V.

Next, the battery was discharged at a current value of 16
LA, which was 0.05 C rate, and the discharge was terminated
at a voltage of 1.9 V.

Thus, the initial charge/discharge efficiency (=initial dis-
charge capacity/initial charge capacity) of the battery of the
inventive example 4 was provided. The result is shown in
Table 1 below. The metal In, which was used for the anode
of' the battery of the inventive example 4, exhibits a potential
of 0.6 vs. Li.

In other words, the end-of-charge voltage of 3.4 V and the
end-of-discharge voltage of 1.9 V in the battery of the
inventive example 4 are converted into electric potentials
based on i of 4.0 V vs. Li and 2.5 V vs. Li, respectively.
[Charge/Discharge Test 3]

Using the battery of the comparative example 1, a charge/
discharge test was performed under the following condi-
tions.

The battery was placed in a thermostatic chamber
at 25° C.

The battery was constant-current charged at a current
value of 20 pA, which was 0.05 C rate (20 hour rate) with
respect to the theoretical capacity of the battery, and the
charge was terminated at a voltage of 3.6 V.

Next, the battery was discharged at a current value of 20
LA, which was 0.05 C rate, and the discharge was terminated
at a voltage of 1.9 V.

Thus, the initial charge/discharge efficiency (=initial dis-
charge capacity/initial charge capacity) of the battery of the
comparative example 1 was provided. The result is shown in
Table 1 below. The metal In, which was used for the anode
of the battery of the comparative example 1, exhibits a
potential of 0.6 vs. Li.

In other words, the end-of-charge voltage of 3.6 V and the
end-of-discharge voltage of 1.9 V in the battery of the
comparative example 1 are converted into electric potentials
based on i of 4.2 V vs. Li and 2.5 V vs. Li, respectively.

TABLE 1

Maxi- Charge/
mum Dis-
charge charge
electric Ef-
potential Cathode First Solid ficien-
(Vwvs. Active Electrolyte  Electrolyte  cy
Li/Li+) Material Material Layer (%)

Inventive 3.6 LiFePO, Li;YBrCl, I  Li;S—P,Ss  75.0

Example

1

Inventive 3.6 LiFePO, Li;YBr,CLIL, Li,S—P,Ss 61.5

Example

2

Inventive 3.6 LiFePO, Li; YBr,CLI, Li;YBr,ClI, 51.5

Example

3

Inventive 4 LiFePO, Li;YBr,CLIL, Li,;Y; Clsg 68.1

Example

4

Compar- 4.2 Li(NiCoMn)O, Li;YBr,CLL, Li,S—P,S5 36.8

ative

Example

1

DISCUSSION

From the results of the inventive example 2 and the
comparative example 1, which are shown in Table 1, it was
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confirmed that the charge/discharge efficiency of the battery
is improved by using the cathode material including the first
solid electrolyte material and the cathode active material
LiFePO,.

From the results of the inventive examples 1 and 2, it was
confirmed that the charge/discharge efficiency of the battery
is improved, even if a different first solid electrolyte material
is used as the cathode solid electrolyte.

From the results of the inventive examples 2, 3, and 4,
even if the first solid electrolyte material or the second solid
electrolyte material is used for the solid electrolyte layer, it
was confirmed that the charge/discharge efficiency of the
battery is improved, similarly to the case where a sulfide
solid electrolyte is used for the solid electrolyte layer.

INDUSTRIAL APPLICABILITY

The battery of the present disclosure can be used as, for
example, an all solid lithium secondary battery.

REFERENTIAL SIGNS LIST

1000 Cathode material

100 First solid electrolyte particle
110 Cathode active material particle
2000 Battery

201 Cathode

202 Electrolyte layer

203 Anode
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The invention claimed is:
1. A battery comprising:
a cathode including a cathode material comprising:
a cathode active material comprising lithium iron phos-
phate; and
a first solid electrolyte material including Li, Y, and X,
and not including sulfur;
an anode; and
an electrolyte layer including a second solid electrolyte
material provided between the cathode and the anode,
wherein
the first solid electrolyte material is represented by the
following composition formula:

Lig 35 YoXe

wherein
X represents at least one selected from the group
consisting of Cl and Br, and I, and
0<d<2 is satisfied, and
the second solid electrolyte material is represented by the
following composition formula:

LiG—Sd'YdXGa

wherein
0<d'<2 is satisfied, and
X' includes at least one selected from the group con-
sisting of Cl and Br.
2. The battery according to claim 1, wherein
the first solid electrolyte material is Li;YBrClI or
Li, YBr,CLL,.
3. The battery according to claim 1, wherein
the second solid electrolyte material is Li, ;Y ;Clg.

#* #* #* #* #*



